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A B S T R A C T

Three novel copper(II) complexes, 1–3, bearing dipodal bis-mercaptobenzimidazole derivatives based on ortho-, 
meta- or para-xylene (L1, L2, and L3) were successfully prepared and characterized by using various spectral 
techniques, including elemental analysis, FT-IR, 1H NMR, and UV–Vis spectroscopy, LC-MS spectrometry and 
TGA. The analysis revealed that the ligand/metal molar ratio in all copper(II) complexes is 1:1 and the ligand 
coordinates as a neutral N-donor onto metal center. Additionally, the crystal structures of L1, L2, L3, and copper 
(II) complex 2 were determined using single crystal X-ray diffraction (SC-XRD) analysis. Copper(II) complexes
1–3 displayed significant stability at pH range of 4–10. The antibacterial effect of ligands and complexes was
tested against both gram-negative (Escherichia coli, E. coli ATCC 25922 PTCC 1399) and gram-positive (Staphy
lococcus aureus, S. aureus ATCC 6538 PTCC 1112) bacterial strains. It should be noted that the complexes showed
enhanced antibacterial activity (up to 99 %) when compared to their free ligands. The in vitro studies of all
synthesized compounds consisted of testing them against the human colorectal carcinoma cancer cell line (HCT-
116) using the MTT assay. The findings revealed that the copper(II) complexes exhibited lower CC50 values (CC50 
ranging from 0.045 mM to 0.135 mM) compared to their corresponding ligands (CC50 ranging from 0.150 mM to
0.240 mM) and carboplatin (CC50 0.165 mM), indicating higher anticancer activity of the complexes. Addi
tionally, DAPI staining and fluorescence spectroscopy (at three different temperatures) were performed to further
examine the impact of complexes 1–3 on inducing apoptosis and to explore their interaction with DNA,
respectively. The results revealed a dynamic quenching mechanism, with hydrophobic forces playing a dominant
role in the binding process. The viscosity measurements indicated that all complexes could interact in a groove
binding manner with DNA. Density functional theory (DFT) calculations were employed to support the structural
and vibrational studies and to predict the chemical reactivity. Docking simulations were conducted to evaluate
their behavior of the synthesized compounds towards DNA (PDB: 1BNA). These results suggested that various
elements, including NH groups, imidazole rings, thioetheric sulfur atom and sulfate moieties of ligands and
complexes, are involved in groove binding with DNA.

1. Introduction

According to reports from The World Health Organization, cancer
stands as the second most prevalent cause of mortality in human soci
eties, following stroke and cardiovascular diseases [1]. The advent of 
platinum-based complexes, including cis-platin in 1965, carboplatin in 

1989, and oxaliplatin in 1996 [2,3], marked a significant development 
in the field of anticancer drugs. The successful application of these 
metal-based complexes, also known as “metallo-drugs” has intrigued 
chemists, sparking widespread research in the field of medicinal inor
ganic chemistry [4–8]. Despite the proven therapeutic effectiveness of 
platinum drugs against various cancer cell lines, their use is restricted by 
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[59].
Taking into account the potential of 2-mercaptobenzimidazole for 

biological applications and our ongoing interest in the chemistry of ar
omatic N,S-heterocycles and their transition-metal coordination com
plexes [60–65], we hereby present the synthesis and characterization of 
three bis-2-mercaptobenzimidazole compounds, L1–L3, and their cor
responding copper(II) complexes 1–3. In order to establish the coordi
nation mode of L1–L3 in complexes 1–3, we attempted to determine the 
molecular structures of free ligands and their complexes by the SC-XRD 
technique. To evaluate their biological properties, the antibacterial ac
tivity of all synthesized compounds against two bacterial strains (E.coli 
and S.aureus) was first studied. Additionally, their potential antitumor 
effects were evaluated through MTT assay and their ability to induce 
apoptosis was examined using AO/PI staining on the human colorectal 
cell line (HCT-116). Besides, the interaction between complexes 1–3 and 
DNA, which is a primary target for new therapeutic agents [66,67] was 
investigated using fluorescence spectroscopy. Furthermore, viscosity 
measurements, density functional theory (DFT) calculations and dock
ing experiments were performed to rationalize the experimental data 
and to gain a better insight into the interaction of the synthesized 
compounds and DNA.

2. Experimental section

2.1. Materials and instruments

All reagents and solvents were purchased from Merck and Sigma- 
Aldrich and used without further purification. 2-Mercaptobenzimida
zole (98 %), 1,2-bis(chloromethyl)benzene (98 %), 1,3-bis(chlor
omethyl)benzene (98 %), 1,4-bis(chloromethyl)benzene (98 %), copper 
(II) sulfate pentahydrate (98 %), potassium hydroxide (KOH, 85 %),
dimethylformamide (DMF, 99.5 %), ethanol (99.2 %), methanol (MeOH,
99.9 %), dimethylsulfoxide (DMSO, 99.8 %), ethyl acetate (95.5 %) and
n-hexane (95 %), and CertiPUR® buffer solutions (pH 4, 7, and 9).
Compounds L1–L3 were prepared according to the slightly modified
procedure [68]. Calf thymus DNA (DNA), ethidium bromide (EB), and
phosphate buffered saline tablets (PBS) were purchased from Sigma
–Aldrich. The human colorectal carcinoma cancer cell line, (HCT-116),
was obtained from the cell bank of the Pasteur Institute in Tehran (Iran).
The microorganisms used in this study were obtained from the micro
organism bank of the Iranian Biological Resource Center. The FT-IR
spectra were recorded on a PerkinElmer 883 spectrometer (KBr pellets
4000–400 cm 1). Melting points were recorded on a Büchi B545 melting
point apparatus and are uncorrected. 1H NMR spectra were acquired on
a Bruker-AQS AVANCE instrument (500 MHz), and the 1H chemical shift
values are reported in parts per million (ppm) relative to the internal
standard TMS (δ = 0 ppm). The UV–Vis absorption spectra were recor
ded with a Leaman inductively coupled plasma spectrometer in the
range of 200–1100 nm. Thermogravimetric analysis (TGA) was per
formed on a Mettler-Toledo TGA/SDTA 851e thermal analyzer in a
flowing air atmosphere at a heating rate of 10 ◦C per min from 25 to
900 ◦C. The chemical composition was determined using energy- 
dispersive X-ray spectroscopy (EDX, Oxford Instruments, Oxford, UK).
The powder X-ray diffraction (P-XRD) measurements were performed
using an X’PERT-PRO diffractometer equipped with a Cu anode that
generated Cu Kα radiation (λ = 1.5406 Å). The fluorescence measure
ments were performed using a Hitachi fluorescence spectrophotometer
(MPF-4 model) equipped with a thermostat bath and a 1.0 cm quartz
cell.

Viscosity measurements were performed by an Ostwald micro- 
viscometer (SCHOT-geräte, Germany) at room temperature. The 
UV–Vis absorption spectra at various pH levels were recorded on a 
Agilent 8453 spectrophotometer. The values of absorbance of aqueous 
DMSO solution of complexes 1–3 (1 × 10 3 M) were measured at 
various pH levels using a pH meter (calibrated with the standard Cer
tiPUR® buffer solutions, pH 4, 7, and 9) under ambient conditions.

Scheme 1. Tautomerism in 2-mercaptobenzimidazole.

issues such as low solubility, drug resistance, and severe side effects 
[9,10]. Consequently, researchers face a substantial challenge in the 
pursuit of alternative drugs to effectively treat different forms of cancer 
with minimal adverse effects.

To date, numerous metal coordination complexes have been 
formulated and approved for use as diagnostic and therapeutic agents 
[10–20]. Notably, copper drugs have gained an increased attention due 
to copper’s essential role as an endogenous metal element involved in 
various biological processes [21–23]. In contrast to platinum complexes, 
which establish covalent binding with DNA, copper complexes employ 
non-covalent interactions, such as intercalation, electrostatic attraction, 
and groove binding, broadening their spectrum of biological activities 
[24]. Several copper complexes have been reported to demonstrate 
enhanced efficacy and lower toxicity compared to conventional 
platinum-based complexes. These complexes have demonstrated a range 
of biological activities, including anti-cancer [24–28], anti-viral 
[29–31], anti-inflammatory [32,33], and antimicrobial activities 
[34,35].

Biological efficacy and stability are central themes in current cancer 
research. Therefore, it is crucial for new metallo-drug alternatives to 
demonstrate both thermodynamic and kinetic stability. In this regard, 
the utilization of bulky ligands with chelating sites comprising donor 
atoms (N, O, S) is strongly recommended [36–38]. The recommendation 
is based on the fact that the bioactivity of these ligands and complexes 
arises mainly from the presence of an azomethine group (>N––CH–) 
and the N–C––S moiety [39,40]. Additionally, the presence of hetero-
atoms (nitrogen, sulphur and oxygen) increases the ability of complex to 
form hydrogen bonds with nucleic acids facilitating the interaction with 
DNA [41]. On the other hand, previous research has demonstrated that 
the presence of aromatic heterocycles in metallo-drugs may affect their 
biological properties in two ways: (i) these ligands increase the lip-
ophilicity of the complex, thereby facilitating its movement through 
phospholipid bilayer membranes, and (ii) they strengthen the interac-
tion between DNA and the aromatic rings of the metal complex through 
π–π interactions [22]. Hence, the choice of a suitable ligand with these 
properties is of paramount importance.

2-mercaptobenzimidazole derivatives, as representatives of thione- 
substituted benzene-fused imidazoles, have drawn considerable atten-
tion in various fields of science [42–44]. These diazaheterocyclic motifs, 
found in various biomolecules like albendazole, mebendazole, vitamin 
B12 and thiabendazole [45–47], play a significant role in medicinal 
chemistry. They are known to display diverse biological activities such 
as antibacterial, antimicrobial, analgesic, antihistamine, anticonvulsant, 
antioxidant, and anti-inflammatory activities [48–50].

From a chemistry point of view, these compounds have two 
distinctive characteristics: (i) the presence of both hard and soft donor 
atoms (nitrogen and sulfur, respectively), and (ii) thione–thiol tautom-
erism (Scheme 1). The former allows these ligands to coordinate to 
various main-group and transition-metal ions, while the latter provides 
them with the ability to act as either a neutral or deprotonated anionic 
ligand, leading to the formation of fascinating molecular structures. In 
this context, a number of metal complexes based on 2-mercaptobenzimi-
dazole derivatives adopting various coordination modes have been re-
ported, namely S-donor ligand (η1-S or µ2-S mode) [51–54], N-donor 
ligand [55], η2-N,S chelating ligand [56–58] and N,S bridging ligand 



2.2. Syntheses of L1–L3 and complexes 1–3

2.2.1. General procedure for the synthesis of compounds L1–L3
To a solution of 2-mercaptobenzimidazole (1.20 g, 8 mmol) in 

ethanol (50 mL) a solution of KOH (0.45 g, 8 mmol) in ethanol (20 mL) 
was added and stirred for 1 h at room temperature followed by treat
ment with a solution of 1,2-, 1,3- or 1,4-bis(chloromethyl)benzene (0.70 
g, 4 mmol) in ethanol (20 mL). The resulting mixture was refluxed for 
24 h. The completion of the reaction was monitored by TLC using n- 
hexane/ethyl acetate (1:1) as eluent. The white precipitate was filtered, 
washed successively with ethanol and water (each 10 mL) and air dried. 
Single crystals of L1–L3 suitable for X-ray crystallography were grown 
from a DMSO/MeOH solution at room temperature via slow evaporation 
method.

L1: Yield: 1.32 g (82 %), mp: 238 ◦C (dec.); elemental analysis 
(C22H18N4S2, 402.52 g/mol) calcd.: C, 65.64; H, 4.51; N, 13.92 %; 
found: C, 64.80; H, 4.42; N, 12.98 %. IR (KBr, ν, cm 1): 3135 (w, ν N–H 
imidazole), 3065 (w), 3038(s, ν C–H Ar), 2963 (s), 2930 (w), 2858 (w), 
2793 (s), 2632 (w), 2479 (w), 1924 (w), 1882 (w), 1842 (w), 1763 (w), 
1618 (s), 1586 (w), 1512 (s, ν C––N), 1442 (s, ν C––C Ar), 1404 (s), 1345 
(s), 1266 (s), 1248 (w), 1230 (s, ν C–N), 1209 (w), 1149 (w), 1107 (w), 
1079 (w), 1014 (s), 985 (s), 924 (s), 868 (s), 772 (w), 745 (s, ν C–S), 714 
(w), 675 (w), 602 (s), 561 (w), 494 (w), 454 (w); 1H NMR (500 MHz, 
DMSO‑d6, ppm) 4.78 (s, 4H, CH2), 12.61 (s, 2H, NH), 7.10–7.49 (m, 
12H, H–Ar); UV–Vis (DMSO): λ = 303 nm.

L2: Yield: 1.37 g (85 %), mp: 244 ◦C (dec.); elemental analysis 
(C22H18N4S2, 402.52 g/mol) calcd.: C, 65.64; H, 4.51; N, 13.92 %; 

found: C, 64.90; H, 4.42; N, 12.98 %. IR (KBr, ν, cm 1): 3130 (s, ν N–H 
imidazole), 3023(s, ν C–H Ar), 2958 (s), 2791 (s), 2695 (s), 2626 (s), 
1887 (w), 1766 (w), 1617 (w), 1588 (w), 1512 (s, ν C––N), 1438 (s, ν 
C––C Ar), 1398 (s), 1265 (s), 1229 (s, ν C–N), 1010 (s), 981 (s), 840 (w), 
803 (s), 752 (s), 739 (s, ν C–S), 707 (s), 683 (w), 594 (w); 1H NMR (500 
MHz, DMSO‑d6, ppm) 4.54 (s, 4H, CH2), 12.55 (s, 2H, NH), 7.10–7.55 
(m, 12H, H–Ar); UV–Vis (DMSO): λ = 295 nm.

L3: Yield: 1.50 g (93 %), mp: 258 ◦C (dec.); elemental analysis 
(C22H18N4S2, 402.52 g/mol) calcd.: C, 65.64; H, 4.51; N, 13.92 %; 
found: C, 64.90; H, 4.42; N, 12.98 %. IR (KBr, ν, cm 1): 3129 (w, ν N–H 
imidazole), 3058(s, ν C–H Ar), 3028 (w), 2965 (s), 2882 (w), 2811 (w), 
2721 (w), 2657 (w), 1913 (w), 1879 (w), 1762 (w), 1618 (w), 1585 (w), 
1507 (s, ν C––N), 1438 (s, ν C––C Ar), 1394 (s), 1358 (s), 1270 (s), 1227 
(s, ν C–N), 1198 (s), 1142 (w), 1098 (w), 1009 (s), 978 (s), 919 (w), 843 
(s), 820 (w), 741 (s, ν C–S), 664 (w), 598(s), 521 (s), 496(w); 1H NMR 
(500 MHz, DMSO‑d6, ppm) 4.57 (s, 4H, CH2), 12.56 (s, 2H, NH), 
7.08–7.45 (m, 12H, H–Ar); UV–Vis (DMSO): λ = 301 nm.

2.2.2. General procedure for the synthesis of complexes 1–3
A solution of copper(II) sulfate pentahydrate (0.50 g, 2 mmol) in 

methanol (10 mL) was added to a solution of L1, L2, or L3 (0.40 g, 1 
mmol) in DMF (10 mL). The resulting mixture was stirred for 24 h at 
room temperature. The completion of the reaction was monitored by 
TLC using n-hexane/ethyl acetate (1:2) as eluent. The green precipitate 
was filtered, washed with DMF and methanol (5 mL for each solvent), air 
dried and used for analyses. Single crystals of complex 2 suitable for X- 
ray crystallography were grown from the mother liquor (DMF/MeOH 

L1 L2 L3 Complex 2

Empirical formula C22H18N4S2 C22H18N4S2 C22H18N4S2 C50H50Cu2N10O10S6

Formula weight 402.52 402.52 402.52 1270.44
Temperature/K 180 180 180 180
Crystal system orthorhombic monoclinic monoclinic monoclinic
Space group Pbcn C2/c P21/c P21/n
a/Å 24.1292(12) 25.8267(9) 10.8065(11) 12.3510(13)
b/Å 8.5744(5) 9.6369(2) 9.3671(6) 18.0563(13)
c/Å 9.8098(4) 9.7617(3) 10.1895(9) 12.8554(11)
α/◦ 90 90 90 90
β/◦ 90 93.925(3) 107.304(7) 106.057(7)
γ/◦ 90 90 90 90
Volume/Å3 2029.58(18) 2423.88(12) 984.75(15) 2755.1(4)
Z 4 4 2 2
ρcalcg/cm3 1.317 1.103 1.358 1.531
μ/mm 1 0.277 1.354 0.286 3.634
F(000) 840.0 840.0 420.0 1308.0
Crystal size/mm3 0.16 × 0.12 × 0.1 0.18 × 0.16 × 0.03 0.15 × 0.07 × 0.06 0.04 × 0.035 × 0.03
Radiation MoKα (λ = 0.71073) GaKα (λ = 1.34143) MoKα (λ = 0.71073) CuKα (λ = 1.54186)
2Θ range for data collection/◦ 3.376 to 65.106 8.522 to 124.994 3.948 to 55.994 12.142 to 135.946
Index ranges 35 ≤ h ≤ 36 

12 ≤ k ≤ 12 
9 ≤ l ≤ 14

33 ≤ h ≤ 34 
12 ≤ k ≤ 12 
12 ≤ l ≤ 4

14 ≤ h ≤ 14 
12 ≤ k ≤ 12 
13 ≤ l ≤ 7

14 ≤ h ≤ 14 
21 ≤ k ≤ 19 
9 ≤ l ≤ 15

Reflections collected 21,941 12,657 7730 13,154
Independent reflections 3545 

[Rint = 0.0694, Rsigma = 0.0839]
2893 
[Rint = 0.0190, Rsigma = 0.0143]

2382 
[Rint = 0.0507, Rsigma = 0.1235]

4910 
[Rint = 0.0621, Rsigma = 0.0783]

Indep. refl. with I ≥ 2σ (I) 1839 2611 1214 3030
Data/restraints/parameters 3545/0/163 2893/0/162 2382/0/163 4910/0/352
Goodness-of-fit on F2 0.844 1.101 0.768 1.018
Final R indexes [I ≥ 2σ (I)] R1 = 0.0402, wR2 = 0.0919a R1 = 0.0320, wR2 = 0.0953b R1 = 0.0396, wR2 = 0.0637c R1 = 0.0543, wR2 = 0.1123d

Final R indexes [all data] R1 = 0.0876, wR2 = 0.0988 R1 = 0.0346, wR2 = 0.0964 R1 = 0.0864, wR2 = 0.0672 R1 = 0.1079, wR2 = 0.1340
Largest diff. peak/hole/e Å 3 0.25/-0.31 0.28/-0.28 0.32/-0.29 0.50/-0.42
CCDC 2350116 2350117 2350118 2350119

The crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre (CCDC) as supplementary publication 
numbers CCDC-2350116 (L1), CCDC-2350117 (L2), CCDC-2350118 (L3) and CCDC-2350119 (complex 2). Copies of the data can be obtained, free of charge, by 
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax: +44 1223 336033; data_request@ccdc.cam.ac.uk or via the internet: http://www.ccdc.cam.ac. 
uk/products/csd/request.

a w 1/[σ2(Fo
2) + (0.0509•P)2], P [max(Fo

2, 0) + 2•Fc
2]/3.

b w 1/[σ2(Fo
2) + (0.0606•P)2 + 0.5768P], P [max(Fo

2, 0) + 2•Fc
2]/3.

c w 1/[σ2(Fo
2) + (0.0250•P)2]; P [max(Fo

2, 0) + 2•Fc
2]/3.

d w 1/[σ2(Fo
2) + (0.0537•P)2 + 2.8355P]; P [max(Fo

2, 0) + 2•Fc
2]/3.

Table 1 
Crystallographic data for L1, L2, L3 and complex 2.

http://www.ccdc.cam.ac.uk/products/csd/request
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in sterile 0.9 % normal saline. Then, these initial suspensions were 
adjusted to match the turbidity of a 0.5 McFarland standard (corre
sponding to the 1.5 108 colony forming units (CFU) per mL using 0.05 
mL 1.175 % w/v BaCl2⋅2H2O+99.5 mL 1 % w/v H2SO4). The initial 
suspensions were then 10-fold serially diluted (up to 102) in saline (0.9 
%). The resulting suspension with a concentration of 1.5 106 CFU per mL 
was also used as the control sample (blank sample). On the other hand, 
the solutions of all compounds in DMSO (5 mM) were separately pre
pared by dissolution of L1–L3 (0.010 g, 0.025 mmol) and complexes 1–3 
(0.016 g, 0.025 mmol) in DMSO (5 mL) and used as test substances 
(incubation for 24 h at 37 ◦C). The bacterial suspensions (2 mL) were 
next spread over the surface of nutrient agar plates containing the test 
substances (0.5 mL). The plates were incubated at ambient temperature 
for 24 h. After incubation for 24 h at 37 ◦C, the samples were 10-fold 
serially diluted in saline (up to 105). 1 mL of each dilution was trans
ferred to agar plates. The number of surviving bacterial colonies 
(measured in CFUs) was quantitated after cultivation at ambient tem
perature for 24 h and subsequent incubation of the plates at 37 ◦C for 24 
h.

The rates of colony-forming units (R) were calculated considering the 
dilution factor using the following equation: 

R = [(Ncontrol Nsample)/Ncontrol] × 100% 

where N control and N sample are the average number of bacterial 
colonies of the control sample (containing no antibacterial agent) and 
the test samples (containing ligand or complex), respectively. All tests 
were performed in triplicate.

2.5. Cell culture and MTT assay

The human colorectal carcinoma cancer cell lines (HCT-116) were 
grown in culture flasks with RPMI-1640 medium, 10 % fetal bovine 
serum (FBS), and 1 % antibiotic (streptomycin and penicillin). The 
culture flask was placed in an incubator with 5 % CO2/95 % humidity 
and kept at 37 ◦C until the cells reached a density of 90 %. The anti
cancer screening of synthesized ligands and complexes was performed 
against human colorectal carcinoma HCT-116 cancer cell line using an 
MTT assay. For this purpose, plates of 96 wells were filled with 100 mL 
culture medium containing 5 × 103 seeded cells and incubated at 37 ◦C 
for 24 h. After medium removal, the cells were treated with the 
abovementioned compounds in the range of 0–0.3 mM for 48 h. 10 µL of 
MTT solution was then added to each well and incubated in darkness at 
37 ◦C for 4 h to form formazan crystals. Finally, the media were removed 
and the formazan crystals were dissolved by the addition of DMSO (100 
µL). The absorbance of the supernatant solution was recorded after 20 
min at 570 nm using a Microplate Reader (Biotek, USA). The cell 
viability percentage was determined as follows [72,73]: 

Cellviability = (ODtreated/ODcontrol) × 100% 

where ODtreated and ODcontrol are the optical densities of the treated and 
untreated cells, respectively.

2.6. DAPI staining

The apoptosis induction of carboplatin, and complexes 1–3 onto 
HCT-116 were determined using DAPI staining for 48 h. The cells were 
cultured in a 6-well culture plate (5 × 104 cells) and treated with CC50 
values of carboplatin and complexes 1, 2 and 3. The cells were then fixed 
with methanol for 15 min, stained by DAPI (0.2 μg/mL) for 20 min, and 
washed with PBS. Additionally, the morphology of nuclear cells was 
observed using fluorescence microscopy (CKX3-SLP, Olympus, Japan).

solution) at ambient temperature via slow evaporation method.
Complex 1: Yield: 0.68 g (65 %), mp: 240 ◦C (dec.); elemental 

analysis (C25H25CuN5O5S3, 635.22 g/mol) calcd.: C, 47.27; H, 3.97; N, 
11.02 %, found: C, 46.65; H, 3.10; N, 10.56 %. IR (KBr, ν, cm 1): 3144 
(w, ν N–H imidazole), 3107 (w, ν C–H Ar), 2984 (w), 2920 (w), 1649 
(s, ν C––O DMF), 1497 (s), 1422 (s), 1305 (w), 1278 (s), 1238 (s, ν C–N), 
1146 (s), 1107 (w), 958 (s), 937 (w), 814 (w), 760 (s), 660 (s), 597 (s), 
576 (s), 497 (w). MS (70 eV) m/z = 404 [L1 + 1], 466 [L1 + Cu], 636 
[L1 + CuSO4 + DMF], 657 [L1 + CuSO4 + DMF+Na+], UV–Vis (DMSO): 
λ = 309, 835 nm.

Complex 2: Yield: 0.55 g (87 %), mp: 246 ◦C (dec.); elemental 
analysis (C25H25CuN5O5S3, 635.22 g/mol) calcd.: C, 47.27; H, 3.97; N, 
11.02 %, found: C, 46.80; H, 3.95; N, 10.85 %. IR (KBr, ν, cm 1): 3140 
(w, ν N–H imidazole), 3054 (w, ν C–H Ar), 2969 (s), 2920 (w), 1651 (s, 
ν C––O DMF), 1500 (s, ν C––N), 1433 (s, ν C––C Ar), 1278 (s), 1228 (s, ν 
C–N), 1134 (s), 1044 (w, ν O=S=O), 1016 (w), 998 (w), 903 (w), 813 
(w), 748 (s, ν C–S), 708 (s), 654 (s), 603 (s), 503 (w). MS (70 eV) m/z = 
404 [L2 + 1], 466 [L2 + Cu], 561 [L2 + CuSO4], 657 [L2 + CuSO4 + 
DMF+Na+]. UV–Vis (DMSO): λ = 305, 839 nm.

Complex 3: Yield: 0.84 g (80 %), mp: 223 ◦C (dec.); elemental 
analysis (C25H25CuN5O5S3, 635.22 g/mol) calcd.: C, 47.27; H, 3.97; N, 
11.02 %, found: C, 46.91; H, 3.86; N, 10.89 %. IR (KBr, ν, cm 1): 3140 
(w, ν N–H imidazole), 3055 (w, ν C–H Ar), 2979 (s), 2914 (w), 2847 
(w), 1650 (s, ν C––O DMF), 1507 (s, νC––N), 1419 (s, ν C––C Ar), 1358 
(w), 1279 (s), 1228 (w, ν C–N), 1150 (w), 1100 (s), 1055 (w, ν 
O––S––O), 1020 (w), 999 (w), 815 (w), 741 (s, ν C–S), 653 (s), 585 (s), 
502 (s). ESI-MS (70 eV) m/z = 404 [L3 + 1], 466 [L3 + Cu + 2], 636 [L3 
+ CuSO4 + DMF + 2], 724 [L3 + 2 CuSO4 + 2], 870 [L3 + 2CuSO4 +

2DMF + 2], 966 [2L3 + CuSO4 + 2], 1124 [2L3 + 2 CuSO4], UV–Vis 
(DMSO, nm): λ = 306, 833 nm.

2.3. Crystal structure analyses of compounds L1–L3 and complex 2

Selected crystals of the compounds were covered with perfluorinated 
oil and mounted on a STOE StadiVari single-crystal diffractometer 
(MoKα radiation, λ = 0.71073 Å, for L1 and L3, GaKα radiation, λ = 
1.34143 Å, for L2 and CuKα radiation, λ = 1.54186 Å for 2), and the 
crystals were kept at 180 K during data collection. The crystallographic 
data of L1, L2, L3, and complex 2 are summarized in Table 1. The 
orientation matrix and the unit-cell dimensions were determined from 
9412 reflections for L1, 17,955 reflections for L2, 2718 reflections for 
L3, and 6563 reflections for 2. The intensities were corrected for Lorentz 
and polarization effects. Using Olex2 [69], the structures were solved 
with the SHELXT [70] structure solution program using intrinsic 
phasing and refined with the SHELXL [71] refinement package using 
least squares minimization. Non-hydrogen atoms in all compounds were 
refined using anisotropic displacement parameters (disordered atoms in 
2 were refined isotropically). Hydrogen atom positions of L1, L2 (except 
H1A) and L3 were freely refined, whereas H1A of compound L2 and all 
hydrogen atoms of complex 2 were calculated in ideal places and refined 
with a common displacement parameter. For L2 there were peaks 
attributed to diffuse/disordered solvent. Attempts to model this were 
unsuccessful and so the contribution to the diffraction pattern was 
calculated using the Solvent Mask routine; the electron density was 
consistent with two molecules of methanol per formula unit. For com-
plex 2, the coordinated DMF molecule was disordered and was refined 
over two different orientations (occupancy factor: 0.5:0.5).

2.4. In vitro antibacterial assay

The in vitro antibacterial activity of complexes 1–3 and their corre-
sponding ligands L1–L3 was evaluated against two pathogenic bacterial 
strains, including one gram-negative (Escherichia coli, ATCC 25922) and 
one gram-positive bacterial strain (Staphylococcus aureus, ATCC 6538), 
using the plate colony-counting method. The colonies were taken 
directly from the plate of fresh-cultivated bacteria and were suspended 



2.7. DNA interaction

2.7.1. DNA titration
A solution of 0.55 mL PBS (pH 7.4) containing DNA (0.4 mg/mL) and 

EB (0.36 mg/mL) was titrated with different concentration of com
plexes, ranging from 0 to 0.36 mM, at 293 K, 303 K, and 313 K. The 
excitation wavelength used was 471 nm, and the emission wavelength 
range was set from 550 to 700 nm. The excitation and emission width 
slits were both set at 10 nm.

2.7.2. Binding parameters
The Stern–Volmer equation (Eq. (1)) and Hill (Eq. (2)) equation were 

used to determine the binding parameters as follow [73–75]: 

F0/F = 1+KSV [C] = 1+ kqτ0[C] (1) 

The fluorescence intensities, F0 and F, represent the intensities in the 
absence and presence of the complex, respectively. Where Ksv is a linear 
Stern–Volmer quenching constant, [C] is the concentration of com
plexes, kq is the bimolecular quenching rate constant and τ0 (~10 8 s) is 
the lifetime of the fluorophore in the absence of a quencher. The slope of 
F0/F versus [C] plot gives KSV. kq can be determined using Eq. (1) (ksv =
kq τ). 

log(F0 F)/F = nlog[C] + logKb (2) 

The number of binding sites (n) and binding constant (Kb) was 
determined from the slope and intercept of log(F0 F)/F versus log [C] 
plot.

2.7.3. Thermodynamic parameters
To calculate the enthalpy (ΔH◦) and entropy (ΔS◦) changes, Van’t 

Hoff equation (Eq. (3)) was used [73]. 

lnKb = ΔH◦

/RT+ΔS◦

/R (3) 

where R is the gas constant (8.314 J mol 1 K 1) and T is the 
temperature.

The slope and intercept of ln Kb versus 1/T plot shows ΔH◦/R and 
ΔS◦/R, respectively. In addition, the Gibbs free energy (ΔG◦) was 
determined using Eq. (4) [73]. 

ΔG◦

= RTlnKb (4) 

2.8. Viscosity measurement

To obtain viscosity values of three metal complexes in the interaction 
with ct-DNA, an Ostwald micro-viscometer was used at 27 ◦C. The flow 
time of buffer, the free DNA (60 μM), and various concentrations of all 
complexes (0, 30, 60, 117, and 173 μM), with a ratio of ri = [complex]/ 
[DNA] = 0, 0.5, 1, 1.95 and 2.9 were measured by digital timing for 
several times to determine average data [76]. The results were shown 
graphically as (η/η0)1/3 versus ratios, where η value for each ratio can be 
calculated according to the equation: η = (t t0)/t0 (t0 and t are the 
obtained flow times of free buffer and each DNA-complex solution, 
respectively) [77]. The η0 and η parameters are the viscosities of free 
DNA and complex-DNA, respectively [78].

2.9. Theoretical DFT study

All density functional theory calculations (DFT) were performed 
using Gaussian09 program (G09) software package [79] using exchan
ge–correlation functionals CAM-B3LYP at room temperature [80]. For 
DFT calculations, the basis set 6-31G(d) was used for all elements. The 
geometric structures of L1–L3 in the ground state were fully optimized 
at RCAM-B3LYP level (restricted CAM-B3LYP). This is while, the ge
ometry optimization of mononuclear copper(II) complex, 1, (multiplic
ity 2) and binuclear ones 2 and 3 (multiplicity 3) have been performed at 
the calcAll CAM-UB3LYP (unrestricted) level of DFT. For compounds 
L1–L3 and complex 2, the initial structural models were optimized using 
their geometries from SC-XRD studies, while the optimization of com
plexes 1 and 3 were performed on their proposed structures. In order to 
confirm the stationary structures, vibrational frequencies were calcu
lated by using the analytical second derivatives at the CAM-B3LYP/6- 
31G(d) level for L1–L3 and calcAll-CAM-B3LYP/6-31G(d) level for 
copper(II) complexes, 1–3. DFT analysis was carried out to assess the 
electron transfer from HOMO to LUMO in each compound. Moreover, 
the energy gap Δ(Egap) between HOMO and LUMO was calculated to 
evaluate the chemical reactivity descriptors, electrophilic and nucleo
philic sites of all synthesized compounds, which are reported as mo
lecular electrostatic potential (MEP) surface photos.

Scheme 2. Synthesis routes of compounds L1–L3 and their corresponding copper(II) complexes (1–3).



In the 1H NMR spectrum of L1–L3 recorded in DMSO‑d6 
(Figs. SF1–SF3 in supplementary information), the signal corresponding 
to thioether protons can be observed as a singlet at δ = 4.78 ppm (L1) 
and 4.54 ppm (L2 and L3), whereas those of their aromatic protons 
appear as multiplet at δ = 7.10–7.55 ppm. Moreover, the signals at δ =
12.61 ppm (for L1) and 12.56 ppm (for L2 and L3) can be assigned to NH 
imidazole protons.

The FT-IR spectra of compounds L1–L3 show a band at 3129–3135 
cm 1, which can be assigned to the valence vibrations of NH bonds. 
Moreover, the characteristic C––N and C–S vibrations can be observed 
at 1507–1512 cm 1 and 739–745 cm 1, respectively (Figs. SF4–SF6(a)
in supplementary information). The IR spectra of complexes 1–3 exhibit 
two bands at 3140–3144 and 1497–1500 cm 1, which can be assigned to 
the valence vibrations of NH and C––N moieties of the coordinated li
gands. The observed vibration bands appear to be slightly shifted with 
respect to the values observed in free ligands pointing out the presence 
of the L1–L3 as neutral, N-imine donor ligands in the copper complexes. 
The vibration band observed at about 750 cm 1 in the spectra of all 
complexes can be ascribed to the characteristic vibrations of C–S groups 
of L1–L3, whereas those observed at about 670, 960, and 1140 cm 1 can 
be attributed to the stretching and bending modes of the coordinated 
sulfate dianion. In spectra of complexes 1–3, the vibration bands of C––O 
group of the DMF molecule appear at about 1650 cm 1 [82,83].

ESI-MS spectra of complexes 1–3 were recorded in a DMF/methanol 
mixture (1:2). In all spectra, the peak at m/z = 404 [L+1] can be 
assigned to the corresponding ligands L1, L2 or L3. Moreover, the peaks 
at 1051 (complex 1, Fig. SF7), 657 (complex 2, Fig. SF8) and 1124 
(complex 3, Fig. SF9) can be attributed to the combinations [2 L1 + 2 Cu 
+ SO4 + Na+], [L2 + CuSO4 + DMF+1] and [2 L3 + 2 CuSO4],
respectively, confirming the formation of the complexes. Furthermore,
peaks corresponding to other fragments are assigned in spectra.

Thermal gravimetric analysis (TGA) of the Cu(II) complexes (1–3) 
have been performed in the temperature range of 25–900 ◦C under an air 
atmosphere with a heating rate of 10 ◦C min 1. The thermogram of 
complexes 1–3 are depicted in Supporting Information
(Figs. SF10–SF12). The temperature range of decompositions, percent
age of weight losses along with the assignments of decomposition moi
eties of copper(II) complexes are listed in Table ST1. The initial weight 
losses in the temperature region from 25 to ca. 300 ◦C are associated 
with the removal of one deoxygenized DMF molecule in complex 1 

(found: 8.44 %; calcd.: 8.97 %), one deoxygenized DMF molecule and 
one sulfate anion in complex 2 (found: 25.73 %; calcd.: 24.08 %) and 
one DMF molecule in complex 3 (found: 11.92 %; calcd.: 11.49 %). The 
weight loss observed in the range of ~300–900 ◦C may be attributed to 
the elimination of SO4 and partly decomposition (liberation) of the 
C20.5H18N4S2 fragment of the corresponding ligand for 1 (found: 76.50 
%; calcd.: 75.64 %) and total decomposition of L2 in complex 2 (found: 
61.83 %; calcd.: 63.36 %) and elimination of the C20H18N4S2 fragment 
in complex 3 (found: 72.11 %; calcd.: 72.17 %). The TG analysis 
revealed that the thermal degradation process of all complexes at 900 ◦C 
leads to the formation of copper(II) oxide. While the final residue of 
complex 2 consists of pure CuO, those of complexes 1 and 3 are 

Fig. 1. (a) UV–Vis spectra of compound L1 (dashed line) and complex 1 (solid 
line), (b) UV–Vis spectra of compound L2 (dashed line) and complex 2 (solid 
line) and (c) UV–Vis spectra of compound L3 (dashed line) and complex 3 (solid 
line). The d → d transitions of all complexes are shown in the insets.

2.10. Docking simulation

Molecular simulation was performed on the optimized geometry of 
all synthesized compounds. The DNA structure PDB code: 1BNA (5′-D 
(*CP*GP*CP*GP*AP*AP*TP*TP*CP*GP*CP*G)-3′) was retrieved from 
the Protein Data Bank (www.rcsb.org/pdb). Program AutoDock 4.2 was 
used for molecular docking simulations (300 runs). During DNA inter-
action, various binding energies for all compounds can be followed and 
the best position of the compound and target with the lowest energy can 
be selected. All docking simulations were generated using a grid box 
with 126 × 126 × 126 Å (for 1BNA) points and a grid-point spacing of 
0.375 Å. Ultimately, Discovery Studio software (Version 1.15 an) was 
applied to visualize the DNA-compound interactions [81].

3. Results and discussion

3.1. Synthesis and characterization of L1–L3 and their parent copper(II) 
complexes (1–3)

Compounds L1–L3 can be obtained as white solids by the reaction of 
2-mercaptobenzimidazole and appropriate α,α′-dichloro xylene deriva-
tive (o-, m- and p-) in the presence of potassium hydroxide in a molar 
ratio of 2:1:2 in ethanol. Complexes 1–3 can be prepared from the re-
action of L1–L3 with copper(II) sulfate pentahydrate in a molar ratio 1:2 
in dimethylformamide/methanol as greenish air-stable solids in excel-
lent yields (Scheme 2).

http://www.rcsb.org/pdb


contaminated with different amounts of atomic carbon (1: found: 15.06 
%; calcd.: 15.34 %, 2: found: 12.44 %, calcd.: 12.56 % and 3: found: 
15.97 %; calcd.: 16.29 %). EDX and P-XRD analyses were performed in 
order to evaluate the chemical composition of the pyrolysis products of 
the TGA analyses at 900 ◦C. The EDX analysis of all residues 
(Figs. SF13–SF15) evidenced the presence of copper and oxygen and 
their P-XRD pattern (Fig. SF16) showed solely the characteristic peaks 
for copper(II) oxide confirming the results of TGA studies.

The UV–Vis spectra of compounds L1, L2, and L3 (DMSO solution, 1 

× 10 3 M) displayed electronic transitions (ETs) at 303, 295 and 301 nm 
mainly assigned to the intraligand π → π* and n → π* electronic tran
sitions (Fig. 1a–c). The UV–Vis spectra of complexes 1–3 exhibit intense 
ETs at 309 nm for complex 1, 305 nm for complex 2, and 306 nm for 
complex 3 showing a slight red shift (≤10 nm) compared to those of 
their corresponding free ligands. These ETs can be attributed to the 
intraligand ones and L→M charge transfer transitions. In UV–Vis 
spectra, the small shift of ca. ≤10 nm in the wavelengths of ETs along 
with the presence of no other ones up to 400 nm indicates that the 

Fig. 2. Molecular structure of (a) L1, (b) L2 and (c) L3. Thermal ellipsoids are depicted at 50 % probability level. The symmetry-related atoms were obtained by 
applying the symmetry code 1 − X, +Y, 0.5 − Z for L1, 1 − X, +Y, 0.5 − Z for L2 and − X, 1 − Y, 1 − Z for L3.



π-electronic configuration of the corresponding ligand in all complexes 
(1–3) remains almost unchanged and hence confirms the coordination 
of the ligands as a neutral one in these complexes. Furthermore, the 
broad band of low intensity at 700–1100 nm with a maximum at 835 nm 
(1), 833 nm (2), and 844 nm (3) can be assigned to the d → d transitions 
of copper(II) ions indicating the distorted square pyramidal geometry 
for 1–3 (insets in Fig. 1a–c) [83–86].

The results of elemental, mass, and thermal analyses of the copper(II) 
complexes 1–3 revealed that the metal-to-ligand molar ratio in all 
complexes is 1:1. All complexes are neutral ones including sulfate 
moieties and dimethylformamide molecules. According to the FT-IR 
spectra of all complexes, their parent ligands (L1–L3) are involved in 
the coordination to metal centers as neutral ligand (presence of NH vi
brations). On the basis of these experimental data, the chemical 
composition for complexes 1–3 is suggested as following: [Cu(L)(SO4) 
(DMF)]n, in which L = L1, L2 or L3. This constellation was confirmed for 
complex 2 by its crystal structure (vide infra).

UV–VIS spectroscopy was used to determine the pH effect on the 
stability of complexes 1–3. The pH-profile (absorbance versus pH) of the 
synthesized copper(II) complexes is depicted in Fig. SF17. The results 
obtained in the range pH 1–14 indicated that the complexes are stable 
and unaffected at pH range of 4–10 for complex 1 and 4–9 for complexes 
2 and 3. In other words, copper(II) complexes 1–3 displayed significant 
stability at determined pH ranges and were therefore well suited for 
physiological applications [87].

3.2. Crystal structure descriptions of compounds L1–L3 and complex 2

The selected bond distances and bond angles of compounds L1–L3, 
and complex 2 are given in Table ST2 (Supplementary Information). 
According to the crystallographic data, compounds L1, L2 and L3 
crystallizes in the centrosymmetric orthorhombic Pbcn space group (Z =
4), monoclinic C2/c space group (Z = 4) and monoclinic P21/c space 
group (Z = 2), respectively. The structure of each dipodal compounds, 
L1, L2 and L3, consists of two singly deprotonated 2-mercaptobenzimi
dazole units S-bridged by ortho-, meta- or para-xylene spacer, respec
tively (Fig. 2a–-c–).

Compound L1 has C2 symmetry with a diametrical arrangement of 
the pendant singly deprotonated 2-mercaptobenzimidazoles displaying 
an anti-V shape (Fig. 2a). The dihedral angle between the best plane 

through the xylene ring and the planes through each 2-mercaptobenzi
midazole moiety is 71.72◦, while both 2-mercaptobenzimidazole pen
dants are trans-positioned (NH groups) and tilted by 64.19◦ with respect 
to each other.

In the crystal structure of L2 (Fig. 2b), the C1 and C4 atoms of the 
central benzene ring (meta-xylene) are located on a crystallographic 
twofold axis of symmetry (C2). In the non-planar compound L2, the 
thioether spacers are arrayed in a trans conformation and the two five- 
membered imidazole rings (C6 N1 C7 C8 N2) are tilted by 38.38(3)◦

with respect to each other. The dihedral angle between “best planes” 
through the central benzene ring (C1 C2 C3 C4 C3 C2) and the plane 
through each 2-mercaptoimidazole heterocycle is 50.67(5)◦. The com
pound adopts a folded conformation (C6–S1–C5 and S1–C3–C2 an
gles of 102.92(4)◦ and 112.39(8)◦), and the N–H bonds are oriented in 
an anti-conformation.

In the crystal structure of L3, two 2-mercaptobenzimidazole het
erocycles are planar and arranged in a trans position relative to the 
central benzene ring, which is located on a crystallographic inversion 
center (Fig. 2c). The mean plane across each imidazole ring (N2 C7 C6 
N1 C5) is inclined to that of central benzene ring (C1 C2 C3 C1 C2 C3) at 
the angle of 66.47(3)◦.

In L1, L2 and L3, the C–N, C––N, C–S and C–C bond distances in 
the five-membered ring of 2-mercaptoimidazole moieties of 1.356(1)– 
1.396(2), 1.319(2)–1.325(2), 1.739(1)–1.837(1) and 1.401(2)–1.406(1) 
Å, respectively, are in good agreement with those observed in other S- 
substituted 2-mercaptobenzimidazoles [88–92]. In L1–L3, the NH 
groups of one molecule are connected to the iminic nitrogen atoms of the 
adjacent one via H bonds (N1–H1⋯N2: 2.812(1) Å and N1–H1–N2: 
170.45(2)◦ for L1, N1–H1⋯N2: 2.831(1) Å and N1–H1–N2: 171.34 
(1)◦ for L2 and N1–H1⋯N2: 2.903(3) Å and N1–H1–N2: 158.24(3)◦

for L3). These coordination modes lead to the formation of chains along 
the crystallographic c-axis in all compounds (Figs. SF18–SF20).

Complex 2 crystallizes in the centrosymmetric monoclinic P21/n 
space group (Z = 2). The asymmetric unit of complex 2 consists of a 
copper ion coordinated by one neutral molecule of L2, one sulfate dia
nion, and one dimethylformamide molecule. In the asymmetric unit, the 
molecule L2 acts as a monodentate nitrogen donor ligand, the sulfate 
dianion as an aniso-bidentate one (as two oxygen donor atoms) and the 
DMF molecule as a monodentate oxygen donor one resulting in the 
formation of [Cu(L2)(η2-SO4)(DMF)]-subunits. Moreover, the 

Fig. 3. Molecular structure of complex 2. Thermal ellipsoids are depicted at the 50 % probability level. Hydrogen atoms and the second disordered component of the 
DMF molecule were omitted for clarity. The symmetry-related atoms were obtained by applying the symmetry code 1 − X, 1 − Y, 1 − Z.



dimerization of these subunits over the second N-imine atom of the 
dipodal ligand L2 results in the formation of a centrosymmetric, dimeric 
binuclear copper(II) complex, [Cu2(μ2-L2)2(η2-SO4)2(DMF)2] (2), 
showing a Cu⋯Cu separation of 11.747(8) Å (Fig. 3).

In complex 2, the coordination geometry around each copper(II) ion 
can be best described as a distorted square pyramidal one since the 
structural parameter value (τ5) is 0.13 as defined by Addison et al. 
(N1–Cu1–O2: 152.42(2)◦, N3–Cu1–O1: 160.21(2)◦, τ5 = 0 for an 
ideal square pyramid, and τ5 = 1 for an ideal trigonal-bipyramid) [57]. 
In complex 2, the basal plane of the square pyramidal coordination 
geometry of each copper(II) ion is formed by two N-imine atoms from 
two ligands L2 (N1 and N3) and two oxygen atoms from the sulfate 
anion (O1 and O2), which has a distorted tetrahedral geometry 
(O–S3–O angles of 100.65(2)-113.0(2)◦). While three bond angles in 
the N2O2-basal plane (N1–Cu1–N3: 96.62(2)◦, N1–Cu1–O1: 92.91 
(2)◦, and N3–Cu1–O2: 94.33(2)◦) deviate (~7◦) from the ideal values 
of a square planar geometry (90◦), the major distortion in this plane 
from the ideal geometry is manifested in the Ol–Cu–O2 chelate angle 
of 69.95(1)◦. The apical position of the square pyramidal geometry is 
occupied by the oxygen atom of the coordinated DMF molecule (O5; 
O1–Cu1–O5: 93.50(1)◦, O2–Cu1–O5: 95.16(2)◦, N1–Cu1–O5: 
107.68(2)◦, and N3–Cu1–O5: 100.03(2)◦). The deviation of the 
N–Cu–Oapical bond angles (107.68(2)◦ and 100.03(2)◦) from the ideal 
geometry (90◦) may be a consequence of the steric hindrance of the two 
bulky bis-benzimidazole ligands. The molecular structure revealed that 
the copper atom is displaced by 0.335(2) Å from the basal plane toward 
the apical atom (O5).

Interestingly, the ligand in this complex undergoes a conformational 
change (from anti conformation in free ligand to syn conformation with 
respect to NH groups of its benzimidazole moieties) upon metalation 
with copper(II) ions. The flexibility of the dipodal ligand is well 
demonstrated by the changes in the values of the dihedral angles formed 
by the benzimidazole rings and the central benzene ring of 81.02(7)◦, 
82.63(7)◦, and 77.26(5)◦ with regard to those observed in free ligand 
(vide supra).

In this complex, the Cu–N bond distances of mean 1.989 Å are in 
good agreement with those observed in other copper(II) complexes 
bearing imidazole derivatives [93–101]. In addition, the bond lengths 
and angles within the 2-mercaptobenzimidazole moieties remain un
changed with respect to those in the parent ligand. The equatorial Cu–O 
bond lengths of 2.008(3) Å and 2.039(3) Å are in the range observed in 
copper(II) complexes bearing an aniso-bidentate sulfate anion [102]. 
The apical Cu1–O5 bond length of 2.136(4) Å is somewhat longer than 
the equatorial bond lengths and has a similar value as observed in 
dimeric copper(II) complexes incorporating apical coordinated DMF 
molecules [Cu(HCOO)2(DMF)]2 (Cu–Oapical: 2.131(3) Å) [103] and [Cu 
(taa)2(dmf)]2 (taa = 2-thiopheneacetate anion, Cu-Oapical: 2.141(2) Å) 

[104].
Furthermore, in complex 2, each sulfate ion acts as a bridging agent 

between two NH groups of benzimidazole moieties of two adjacent 
binuclear complexes via intermolecular hydrogen bonds (N2–H2⋯O2b: 
2.753(2) Å and N2–H2–O2b: 159.46(6)◦, N4–H4⋯O3b: 2.757(2) Å 
and N4–H4–O3b: 166.85(7)◦). These interactions might be responsible 
for further stabilization of complex 2 (Fig. SF21).

3.3. Biological activity

3.3.1. In vitro antibacterial activity
The in vitro antibacterial activities of compounds L1–L3 and their 

corresponding copper(II) complexes 1–3 were tested against two path
ogenic bacterial strains involving one gram-negative (Escherichia coli 
ATCC 25922 PTCC 1399) and one gram-positive bacterial strain 
(Staphylococcus aureus ATCC 6538 PTCC 1112). The samples were 
incubated at 37 ◦C for 24 h and the results of the biological in
vestigations are summarized in Table 2. According to these results, 
compounds L1 and L3 showed a higher antibacterial activity against the 
gram-negative bacterial strain (85.33 % and 96.00 %, respectively) than 
the gram-positive one (66.66 % and 93.33 %, respectively). This is while 
L2 displays similar antibacterial effectiveness against both bacterial 
strains (90.66 % and 90.00 % against gram-negative and gram-positive 
bacterial strains, respectively). The test results indicated that the anti
bacterial activity of L1–L3 against both bacterial strains decreased in the 
order of L3 > L2 > L1. Moreover, the results revealed that complexes 
1–3 showed similar rates of antibacterial activity against both bacterial 
strains. The antibacterial activity of the ligands against both bacterial 
strains increased upon coordination to the metal center, and complexes 
1–3 showed the same order in terms of antibacterial activity (3 > 2 > 1) 
as their parent ligands.

3.3.2. In vitro cytotoxic activity
The cytotoxicity of the synthesized compounds L1–L3 and their 

corresponding complexes 1–3 was evaluated against the human colo
rectal carcinoma cancer cell line (HCT-116) using an MTT toxicity assay. 
The results revealed that the cell viability percentage decreased with 
increasing concentrations in the range of 0–0.3 mM; hence, the cancer 
cell line viability of the tested compounds turned out to be dose- 
dependent. The anticancer screening of the tested compounds revealed 
that the cytotoxic concentration values for the death of 50 % of viable 
cells (CC50) were 0.210, 0.150, and 0.240 mM for L1, L2, and L3, 
respectively. This is while, the CC50 for their corresponding copper(II) 
complexes were 0.045 mM for 1, 0.110 mM for 2, and 0.135 mM for 3. 
Moreover, the data were compared with carboplatin as a standard 
anticancer drug under the same conditions (Fig. 4). The results revealed 

Microorganism Sample (CFU/mL) Antibacterial activity (%)

E. coli (ATCC 25922) L1 5.0 × 105 66.66
complex 1 1.7 × 105 88.66
L2 1.4 × 105 90.66
complex 2 4.0 × 104 97.33
L3 1.0 × 105 93.33
complex 3 1.5 × 104 99.33
control 1.5 × 106 –

S. aureus (ATCC 6538) L1 2.2 × 105 85.33
complex 1 1.7 × 105 88.66
L2 1.5 × 105 90.00
complex 2 2.0 × 104 98.66
L3 6.0 × 104 96.00
complex 3 1.5 × 104 99.33
control 1.5 × 106 – Fig. 4. Cell viability percentages of HCT-116 with increasing concentration of 

compounds L1–L3, copper(II) complexes 1–3 and carboplatin.

Table 2 
Colony numbers and the antibacterial rates for L1–L3, complexes 1–3 and 
control samples against E. coli and S. aureus bacterial strains.



that all copper complexes 1–3 displayed higher in vitro anticancer ac
tivities toward this cancer cell line than their free ligands, L1–L3, and 
carboplatin (CC50 = 0.165 mM). The comparison of cytotoxicity be
tween ligands and carboplatin against HCT-116 cell lines revealed that 
only L2 exhibited greater anticancer activity than carboplatin. Amongst 
the synthesized complexes, complex 1 exhibited the highest cytotoxicity 
(CC50: 0.045 mM), which was comparable with that of copper(II) 
complexes Cu2(bpbib)2(BF4)2Cl2 and [Cu(p-4-bmb)(Ac)2]2 incorpo
rating bis-benzimidazole ligands displaying CC50 values of 0.049 mM 
and 0.056 mM, respectively (bpbib = 1,4-bis((2-(pyrazin-2-yl)-1H-benzo 
[d]imidazol-1-yl)methyl)benzene, p-4-bmb = 1-((2-(pyridin-4-yl)-1H- 
benzoimidazol-1-yl)methyl)-1H-benzotriazole) [105,106].

Therefore, the results indicate that compound L2 and complexes 1–3 
may be promising candidates as antitumor agents against human HCT- 
116 colorectal cancer cells.

3.3.3. Morphological assessments
DAPI (4′,6-diamidino-2-phenylindole) is a fluorescent probe that 

binds to DNA and is commonly used in biology and microscopy to stain 
and visualize the nucleus of cells. It emits blue fluorescence when 
excited by ultraviolet light. Additionally, DAPI binds to the minor 
groove of double-stranded DNA, and its high affinity and specificity for 
DNA have rendered it a popular choice for staining. Furthermore, DAPI 
is employed to differentiate between live and dead cells since it is unable 
to penetrate the membrane of intact cells. The control cells display an 
oval-shaped nuclei with smooth edges, whereas the apoptotic cells 
appear with a condensed and fragmented nucleus [107,108]. Therefore, 
DAPI staining of the nucleus can aid in distinguishing between cells with 
intact and compromised membranes [109].

The results of DAPI staining for the treatment of HCT-116 cells at 
CC50 values of carboplatin and all complexes after 48 h are shown in 
Fig. 5a–d. In addition, to compare the morphology of cells in the same 
concentration of complexes, the lowest CC50 value of 0.050 mM related 
to complex 1 was selected (Fig. 5e–h). The normal nuclei are blue with a 
round shape and sharp edge (Fig. 5, yellow arrow), whereas the 
shrunken and fragmented nuclei show the cell death (Fig. 5, red arrow). 

The first row clearly indicates the change in the morphology of cells 
demonstrating cell death, whereas the pictures in the second row indi
cate that cell death occurred entirely in complex 1 and that the other 
complexes caused moderate shrinkage in cells. The comparison of 
morphology of treated cells with carboplatin and complexes 1–3 in
dicates that apoptotic induction of these complexes is significantly 
greater than that of carboplatin due to shrunken and fragmented nuclei 
in treated cells with carboplatin. Consequently, the designed complexes 
showed more effectiveness with low cytotoxicity and apoptotic induc
tion on HCT-116 cells than carboplatin.

3.3.4. DNA interaction

– Competitive binding

The binding affinity of the complexes to DNA has been studied by
displacement of EB probe as a well-known DNA intercalator. The EB 
probe produces strong fluorescence when it intercalates into DNA. 
Therefore, if a non-fluorescent molecule binds to the DNA.EB complex 
and displace the intercalated EB, it will result in a reduction in fluo
rescence intensity, known as quenching [66,67,73]. In this study, the 
quenching behavior of DNA was examined by recording the maximum 
fluorescence emission of DNA pre-treated with EB upon addition of 
complexes 1–3. As depicted in Fig. 6, the fluorescence intensity of DNA. 
EB decreased as the concentration of complexes increased, which 
confirmed the replacement of EB molecules with complexes and the 
interaction between DNA and the complexes. Consequently, further in
vestigations were conducted to determine the mode and strength of DNA 
binding affinity of the complexes, including the determination of bind
ing and thermodynamic parameters.

– Binding parameters

The fluorescence quenching mechanism can be divided into two
types: static and dynamic, which are temperature-dependent. Dynamic 
quenching occurs when the excited fluorophore collides with the 

Fig. 5. DAPI staining of control, carboplatin and complexes 1–3 onto treated HCT-116.



quencher molecule, and results in a higher quenching constant at higher 
temperatures. On the other hand, static quenching involves interactions 
between the fluorophore and quencher in the ground state, and an in
crease in the temperature leads to a decrease in the quenching constant 
[73,74]. The binding parameters were determined according to Eqs. (1) 
and (2) (Table 3, Figs. SF22 and SF23). KSV values of complexes 1–3 in 
their interaction with DNA.EB increased with higher temperatures, 
indicating a dynamic quenching process. The determined values of kq 
are lower than 2.0 × 1012 M 1 s 1 to further confirm the dynamic 
quenching mechanism [73,74]. These results were consistent with the 
findings mentioned above.

Furthermore, the binding constant and number of binding sites in the 
interaction process increased with higher temperatures, suggesting an 
increased affinity of binding. Moreover, the binding parameters of DNA 
in its interaction with complex 3 were greater than those of complexes 1 
and 2, which can be attributed to the structural characteristics of com
plex 3 that favor the binding process.

– Thermodynamic parameters

The mode of binding force between biomolecules and small mole
cules was evaluated by determining thermodynamic parameters. Ross 
and Subramanian demonstrated that non-covalent bindings of 
hydrogen, van der Waals, electrostatic, and hydrophobic forces play 
significant roles in the interaction process. The negative values of ΔH 
and ΔS indicate that the two main forces involved in the complex are 
hydrogen bonds and van der Waals force. This is while a small or zero 
value of ΔH and positive value of ΔS are associated with electrostatic 
forces and positive value of ΔH and ΔS are commonly taken for hy
drophobic interactions [73]. The results from Fig. SF24 and Table 3
show positive values for enthalpy and entropy pointing out the fact that 
hydrophobic binding plays a major role in the interaction process.

3.3.5. Viscosity measurements
To obtain a deeper insight on the nature of interaction between the 

synthesized copper(II) complexes and DNA, viscosity measurements 
have been carried out. Viscosity measurements are hydrodynamic 
methods used as one of the most effective routes for studying the binding 
mode of compounds to DNA due to the fact that these measurements are 
sensitive to any change in DNA length [77].

Intercalation and groove binding are two of the most observed 
binding modes between compounds and DNA. In the traditional inter
calative mode, the interaction between the compound and DNA leads to 
an increment in DNA viscosity as a consequence of the overall DNA 
lengthening caused by the segregation of base pairs at the intercalation 
site. In contrast, the second binding mode (groove binding) shows 
negligible change in the viscosity of the DNA solution.

The results of the viscosity measurements of all synthesized com
plexes and EB with DNA are shown in Fig. 7. In contrast to the inter
action of EB with DNA (formation of intercalation mode), those of the 

Fig. 6. The maximum fluorescence intensity changes of DNA.EB with the 
addition of different concentrations of complexes 1–3 at 293 K, 303 K, and 
313 K.

Table 3 
Binding and thermodynamic parameters of interaction between DNA.EB and complexes 1–3.

T (K) KSV (×103 M 1) kq (×1011 M 1 s 1) R2 Kb (×103 M 1) n R2 ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol.K) R2

Complex 1 293 1.95 1.95 0.97 3.26 1.48 0.99 19.70 10.42 0.10 0.99
303 2.23 2.23 0.99 3.70 1.41 0.99 20.70
313 2.59 2.59 0.98 4.28 1.37 0.97 21.76

Complex 2 293 0.76 0.76 0.97 1.50 0.86 0.98 17.82 47.00 0.22 0.98
303 2.55 2.55 0.98 3.33 1.23 0.99 20.43
313 3.63 3.63 0.95 5.13 1.28 0.97 22.23

Complex 3 293 1.92 1.92 0.97 5.55 2.00 0.97 21.00 26.77 0.16 0.98
303 3.29 3.29 0.95 8.65 1.88 0.93 22.84
313 4.78 4.78 0.97 11.17 1.74 0.99 24.26



synthesized complexes with DNA led to a minor change in DNA 
conformation. These results indicate that all copper(II) complexes 
interact with DNA via groove binding. The experimental results are in 
agreement with those reported in the theoretical docking studies (vide 
infra).

3.4. Computational study

3.4.1. Optimized structures
The X-ray crystal structures of the compounds L1–L3 and complex 2 

were used as initial geometries in DFT optimization calculations. Com
plexes 1 and 3 were not structurally characterized and full optimization 
of these complexes was performed on their proposed structures [CuL1 
(SO4)] and [CuL3(SO4)(DMF)]2. The structures of L1–L3 were opti
mized at RCAM-B3LYP/6-31G(d) level, whereas those of copper(II) 
complexes were done at calcAll-CAM-B3LYP/6-31G(d) level. The sta
tionary points were identified as positive on the potential energy surface 
showing no imaginary frequencies for the 3N 6 vibrational degrees of 
freedom (N is the number of atoms in the system). Calculated energies of 
optimized geometries and other physical parameters for all compounds 
are listed in Table ST3. The DFT data represent similar values of total 
energy of 50721.77 eV (L1), 50722.05 eV (L2) and 50721.50 eV 
(L3) with dipole moment of 0.41, 1.16 and 0.00 Debye(s) for L1, L2 and 
L3, respectively. Moreover, the DFT results revealed that these com
pounds are stabilized upon complexation with the metal ions. The 
calculated total energy value of mononuclear copper(II) complex 1 was 
found to be 121139.43 eV, while those of complexes 2 and 3 were 

242279.14 eV and 242279.96 eV, respectively. The optimized pa
rameters (bond lengths and bond angles) of all synthesized compounds 
are listed in Table ST2. The DFT results indicated that the calculated 
parameters of L1–L3 and complex 2 are in good agreement with the 
crystallographically determined ones. The calculated geometry index 
(τ5) of 0.13 for complex 2 from optimized data corroborates the crys
tallographically characterized square pyramidal geometry around each 
copper ion in this complex.57 The calculated geometry index (τ5) of 0.21 
for complex 1 and 0.18 for complex 3 (from their optimized structure) 
allows us to suggest the distorted square pyramidal geometry for copper 
ion(s) in these complexes. The optimal geometry of the synthesized 
compounds is depicted in Fig. 8a–-f–.

The small difference within the experimental and theoretical values 
is traced back to the fact that the theoretical calculations were done in 

the gas phase, whereas experimental data were determined from the 
solid phase [110].

3.4.2. Infrared vibration calculations
The validity of the proposed structure for the synthesized compounds 

(L1–L3 as well as complexes 1–3) was examined on the basis of their 
experimental and theoretical vibrational frequencies. The hybrid CAM- 
B3LYP/6-31G(d) basis set has been employed to calculate the infrared 
vibrations of compounds L1–L3 consisting of 46 atoms with C2 sym
metry for L1 (46 normal vibration modes) and C1 symmetry for L2 and 
L3 (132 normal vibration modes). This is while, the infrared vibrations 
of copper(II) complexes were calculated with the hybrid set calcAll- 
CAM-B3LYP/6-31G(d). The results revealed 186 normal vibration 
modes for the mononuclear copper(II) complex 1 consisting of 64 atoms 
(C1 symmetry). Besides, 378 normal vibration modes were observed for 
each binuclear copper(II) complexes 2 and 3 with 128 atoms (C1 sym
metry). It is noteworthy to mention that the calculated vibration fre
quencies are usually higher than those observed from experimental data. 
This difference is traced back to the fact that the calculations are per
formed for a single molecule in the gas phase, while experimental 
measurements take place in the solid state in the presence of intermo
lecular interactions. Therefore, to gain a better comparison between 
these data, the theoretical wavenumber values have been scaled by 
scaling factor of 0.952 [111]. The experimental infrared spectra of 
L1–L3 and complexes 1–3 and the calculated ones (unscaled as well as 
scaled) are illustrated in Figs. SF4a–6a. Indeed, the real IR-relation in 
compounds can be determined from the graphical correlation between 
the experimental and calculated vibration frequencies. The determined 
R2 values of these data are found to be 0.999 (L1, L3 and complex 3) and 
0.998 (L2, complexes 1 and 2) demonstrating a high degree of agree
ment between these data and confirm the proposed structure of the 
synthesized compounds (Figs. SF4(b,c)–SF6(b,c)).

3.4.3. Frontier molecular orbital energy (FMO) and quantum chemical 
descriptors

The Frontier molecular orbital theory (FMO) based on the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) is one of the most used theories in order to explain the 
chemical reactivity of a molecule [112]. The HOMO and LUMO energies 
of a compound provide information about its ability to donate and 
accept electron, respectively. Additionally, the negative magnitude of 
HOMO and LUMO energies explains the stability of the compound. 
Moreover, the HOMO and LUMO energy difference (ΔEgap) is a measure 
to indicate the chemical reactivity and kinetic stability, optical polar
izability and chemical hardness–softness of molecular systems. Ac
cording to the structural arrangement and electronic distribution of the 
optimized compounds, the charge of all compounds is zero. The ground 
state of the structures have been optimized with singlet multiplicity for 
L1–L3 at CAM-B3LYP/6-31G(d) level, doublet one for the mononuclear 
copper(II) complex 1 (unrestricted, α- and β-MO) and triplet one for both 
binuclear copper(II) complexes 2 and 3 (unrestricted, α- and β-MO) at 
calcAll-CAM-B3LYP/6-31G(d) level. The molecular orbital energy dia
gram (HOMO and LUMO densities) of each copper(II) complex along 
with that of its related ligand is illustrated in Fig. 9. Diagrams in 
Fig. 9a–c revealed that the HOMO orbitals in compounds L1–L3 are 
mainly distributed across their both 2-mercaptobenzimidazole rings. 
The LUMO orbitals in L1 and L3 are concentrated on their central 
benzene ring, whereas those in L2 are localized over 2-mercaptobenzi
midazole and benzene ring orbitals. According to the HOMO-LUMO 
diagram of complex 1 (unrestricted, α- and β-MOs), the HOMO or
bitals are located on its sulfate ions, metal center and thioetheric sulfur 
atom in its α-MO and on 2-mercaptobenzimidazole moiety and sulfate 
group in its β-MO. On the other hand, the LUMO orbitals are distributed 
over the benzene ring and 2-mercaptobenzimidazole group in the α-MO 
and over the metal center, sulfate moiety and iminic nitrogen atom in 
the β-MO. Moreover, the binuclear complexes 2 and 3 show similar 

Fig. 7. The viscosity changing of DNA by titrating various concentrations of 
each Cu complex and EB as an intercalator agent.



orbital distributions in their HOMO and LUMO levels. Their HOMO 
orbitals are distributed over their sulfate group, metal center and iminic 
nitrogen atoms of the benzimidazole units, whereas their LUMO orbitals 
are concentrated on their aromatic benzene and benzimidazole rings.

The determined HOMO and LUMO energies of all compounds are 

listed in Table 4. The determined energy gap (ΔEgap) revealed that L2 
with 7.780 eV is the most stable compound amongst L1–L3 and the 
stability of ligands decreased in following order: L2 > L1 > L3. Ac
cording to the frontier molecular orbital diagrams, the both HOMO and 
LUMO levels of complexes 1–3 are downshifted, which led to the 

Fig. 8. Optimized structure of (a) L1, (b) L2, (c) L3, (d) complex 1, (e) complex 2 and (f) complex 3 (Hydrogen atoms of complexes are hidden for clarity).



Fig. 9. Schematic of HOMO and LUMO frontier molecular orbital densities (a) for L1 and complex 1, (b) for L2 and complex 2 and (c) for L3 and complex 3 
(hydrogen atoms in all complexes are omitted for clarity).



decrement of ΔEgap in these complexes with respect to their related free 
ligands (7.166 eV for 1, 7.235 eV for 2 and 7.001 eV for 3). The results 
indicate that all complexes are chemically more reactive than their li
gands since the lower the energy gap the easier the transition between 
frontier orbitals of the molecule and the greater chemical reactivity 
[112,113]. Moreover, the frontier orbital studies of a molecule provides 
also insight in its quantum chemical descriptors, namely, hardness (η), 
softness (σ), electrophilicity index (ω), chemical potential (CP), and 
electronegativity (χ), which are useful parameters to predict its chemical 
reactivity, kinetic and thermodynamic stability. The calculated data for 
quantum chemical descriptors are given in Table 4. Larger HOMO- 
LUMO energy gaps are associated with higher global chemical hard
ness, which results in harder molecules, higher stability and lesser 
chemical reactivity. The determined values indicated that the stability 
and hardness of studied compounds decreased in the order L2 > L1 > L3 
for free ligands and in the order 2 > 1 > 3 for copper(II) complexes. The 
global electrophilicity index (ω) may be considered as the most impor
tant quantum chemical descriptor playing a crucial role in the deter
mination of the chemical reactivity of molecular systems. This index 
represents the decrease in energy caused by the flow of electrons from 
HOMO (donor) to LUMO (acceptor) orbitals in molecules and is directly 
proportional to square of the electronic CP of a system and reciprocally 
proportional to its global chemical hardness (η). The electronic chemical 
potential gives information about the charge transfer of a system in its 
ground state. The negative value of CP indicates the stability of a com
pound and suggests that it does not decompose into elements. Thus, 
compounds with higher CP are more reactive than those with small ones. 
According to the calculated data, the L2 among L1–L3 and complex 2 
among 1–3 are the most reactive ones. The reactivity of all ligands and 
complexes decreased in the order L2 > L1 > L3 > 2 > 1 > 3. Further
more, the electronegativity (χ) is introduced as the ability and power of 
an atom in a compound to attract electrons to itself in a covalent bond. 
The calculated values of electronegativity revealed that L3 and complex 
3 have higher electronegativities and are strongly electrophilic, while L2 
and complex 2 showing the lowest values of electronegativity are 
nucleophilic. Finally, due to the determined values of ΔEgap energies and 
global hardness and other quantum chemical descriptors, the stability of 
the studied compounds decreased in the order L2 > L1 > L3 > 2 > 1 > 3 
in the gas phase, whereas their chemical reactivity decreased in the 
opposite order.

The quantum parameters calculated for the optimized structures of 
all synthesized compounds has led to the following important results:

(i) All free ligands are more stable than copper(II) complexes due to
their higher ΔEgap value, higher nucleophilicity and lower
electrophilicity.

(ii) The chemical activity of the ligands is higher than complexes
because of their lower χ and higher CP values and hence they will
easily give electrons in the complex state.

(iii) The decrease of ΔEgap values demonstrate that all complexes
exhibit high biological activity compared to free ligands.

(iv) The biological activity of all complexes is higher than their
related ligands due to their greater ΔNmax and global softness (S)
values as well as their higher electrophilicity and lower
nucleophilicity.

3.4.4. Molecular electrostatic potential surface maps (MEPs)
The molecular electrostatic potential surface (MEP) plays an 

important role in understanding the electrostatic relationship between 
molecules [114] and its analysis provides the opportunity to predict the 
reactivity and possible binding sites. The electrostatic potential is shown 
with colors; red (most negative electrostatic potential, hydrogen 
bonding, proton attraction, and reaction with positively charged nuclei) 
over yellow (weak nucleophilic space) and green (zero potential) to blue 
(most positive electrostatic potential, electrophilic attack). MEPs of 
L1–L3 and their related copper(II) complexes (1–3) are illustrated in 
Fig. 10. The color codes of these maps (deepest red to deepest blue) are 
in the ranges of 1.685 to +1.685 eV for L1, 1.728 to +1.728 eV for 
L2, 1.982 to +1.982 eV for L3, 2.553 to +2.553 eV for 1, 2.616 to 
+2.616 eV for 2, and 2.535 to +2.535 eV for 3. In MEPs of free ligands
L1–L3, the thioetheric sulfur and imidazolic NH groups are localized in
the yellow colored and blue colored regions, respectively. Besides, the
benzene rings (light blue and green regions) can be considered as elec
trophilic sites for nucleophilic attacks [115]. The same phenomena were
observed in the coordinated ligands of complexes 1–3. Additionally, the
oxygen atoms of sulfate moieties of complexes 1–3 are located in the red
colored region (most negative electrostatic potential). On the other
hand, the electron density on the structure of ligand and complex (dark
blue region) with nucleophilic reactivity displays positive density,
which is mostly located over NH groups of their imidazole rings. Ac
cording to these data, amines, benzene rings and oxygen atoms of sulfate
groups may be suitable sites to interact with DNA and are responsible for
biological activities of L1–L3 and complexes 1–3 (infra vide).

3.4.5. Docking simulation data
In order to get a better understanding of the behavior of the 

Table 4 
Determined HOMO and LUMO energies and calculated quantum chemical descriptors of L1–L3 and copper(II) complexes 1–3.

L1 L2 L3 Complex 1 Complex 2 Complex 3

Spin: doublet Spin: triplet Spin: triplet

Etotal (Hartree) 1863.99 1864.00 1863.98 4451.79 8903.59 8903.62
Etotal (eV) 50721.79 50722.06 50721.52 121139.47 242279.22 242280.03

α MOs β MOs α MOs β MOs α MOs β MOs

HOMO (Hartree) 0.255 0.258 0.260 0.271 0.270 0.267 0.269 0.267 0.270
HOMO (eV) 6.937 7.007 7.073 7.364 7.335 7.253 7.321 7.261 7.339
LUMO (Hartree) 0.024 0.028 0.009 0.006 0.007 0.001 0.003 0.011 0.011
LUMO (eV) 0.649 0.773 0.246 0.175 0.191 0.036 0.068 0.301 0.297
I = ( HOMO) 6.937 7.007 7.073 7.364 7.335 7.253 7.321 7.261 7.339
A = ( LUMO) 0.649 0.773 0.246 0.175 0.191 0.036 0.068 0.301 0.297
EGAP = (ELUMO-EHOMO) 7.586 7.780 7.319 7.189 7.143 7.217 7.253 6.960 7.042
η = (I A)/2 3.793 3.890 3.659 3.595 3.572 3.608 3.626 3.480 3.521
σ = (1/η) 0.264 0.257 0.273 0.278 0.280 0.277 0.276 0.287 0.284
χ = (I + A)/2 3.144 3.117 3.413 3.770 3.763 3.645 3.694 3.781 3.818
CP = χ 3.144 3.117 3.413 3.770 3.763 3.645 3.694 3.781 3.818
ω = (CP2/2η) 1.303 1.249 1.592 1.977 1.982 1.841 1.882 2.054 2.070
N = (1/ω) 0.767 0.801 0.628 0.506 0.504 0.543 0.531 0.487 0.483
ΔNmax = (CP/η) 0.829 0.801 0.933 1.049 1.054 1.010 1.019 1.086 1.084
S = (1/2η) 0.132 0.129 0.137 0.139 0.140 0.139 0.138 0.144 0.142



Fig. 10. Molecular electrostatic potential surface map (MEP) of (a) L1 and complex 1, (b) L2 and complex 2, and (c) L3 and complex 3 (Hydrogen atoms of all 
complexes are hidden for clarity).



Thermodynamic parameters (kcal/mol) L1 
run ¼ 83

L2 
run ¼ 235

L3 
run ¼ 119

Complex 1 
run ¼ 284

Complex 2 
run ¼ 203

Complex 3 
run ¼ 244

Estimated Free Energy of Binding 9.99 10.26 10.37 8.58 6.68 7.31
Estimated Inhibition Constant, Ki (µM) 0.048 0.030 0.025 0.513 12.66 4.40
Final Intermolecular Energy 11.78 12.05 12.15 9.18 7.87 8.50
vdW + Hbond + desolv Energy 11.75 12.02 12.01 9.04 7.72 8.36
Electrostatic Energy 0.03 0.03 0.15 0.14 0.15 0.14
Final Total Internal Energy 0.68 082 0.63 0.50 1.79 1.34
Torsional Free Energy 1.79 1.79 1.79 0.60 1.19 1.19

Fig. 11. Representation of docking pose of L1 and complex 1 interaction with DNA by using Discovery Studio.

Fig. 12. Representation of docking pose of L2 and complex 2 interaction with DNA by using Discovery Studio.

Table 5 
Binding energies in the most negative cluster rank for L1–L3 and complexes 1–3 (total runs 300).



synthesized compounds towards DNA, the molecular docking simulation 
was performed. To show schematically, the interaction of all synthesized 
compounds with DNA (PDB ID: 1bna) and their binding modes can be 
followed using the lowest binding energy [77,78]. Thermodynamic 
parameters for the most negative cluster rank 1 (lowest energy of a 300 
runs system) are listed in Table 5, and those of four most negative cluster 
ranks (1–4) are summarized in Table ST4.

The most negative binding free energies of free ligands in DNA 
interaction are found to be 9.99 (L1), 10.26 (L2) and 10.37 (L3) 
kcal/mol for a 300-run system, while those of their related copper(II) 
complexes 1, 2 and 3 were found to be 8.58, 6.68 and 7.31 kcal/ 
mol, respectively. These results indicated that L3 amongst ligands and 
complex 1 amongst complexes showed a stronger interaction with DNA. 
Figs. 11–13 illustrate the binding and docking modes of these complexes 
and their corresponding free ligands to DNA. The docked models 
revealed that all compounds (except complex 3) bind in minor grooves 
of DNA, whereas complex 3 binds to DNA in its major groove.

The docked structures of L1–L3 revealed that the NH group of their 
benzimidazole rings is involved in strong to weak conventional 
hydrogen bonds with DNA residues (L1: DT20 (1.92 Å) and DT7 (2.91 
Å), L2: DG10 (1.91 Å) and L3: DC21 (2.22 Å)). In addition, the iminic 
nitrogen atom of benzimidazole moiety in compounds L1 and L2 in
teracts with DNA residue DC21 and DC11, respectively, via weak C–H 
type of H-bonds (3.19 Å for L1 and 3.11 Å for L2). Moreover, compound 
L1 shows a weak sulfur-X interaction of 3.16 Å between its thioetheric 
sulfur atom and nitrogen atom of DA6 residue. While the aromatic 
benzimidazole ring of compound L2 exhibits a medium strong hydro
phobic hydrogen bond (pi-donor type) of 2.79 Å with DG16 residue, the 
same ring of compound L3 interacts with DT8 sequence via weak hy
drophobic pi-sigma hydrogen bond of 3.62 Å.

On the other hand, the non-coordinated oxygen atoms of sulfate 
moieties of the docked complexes 1–3, are mainly involved in hydrogen 
bond interaction with DNA residues. In complex 1, two such oxygen 
atoms are coordinated to DG10 and DG14 residues via medium strong H- 
bonds of 2.41 and 2.43 Å, respectively. In this complex, the same oxygen 
atoms along with the oxygen atom of the dimethylformamide moiety 
interact with DNA via weak intermolecular C–H-bonds (DG12: 3.15 Å 
and DC15 3.24 Å) and azomethinic CH group of DMF via weak intra- 

complex C–H bond of 2.95 Å. In complexes 2 and 3, one oxygen 
atom of their sulfate molecules interacts with the DNA residues through 
strong to medium H-bonds (2: DG14:1.80 Å and 3: DC21: 2.09 Å).

According to the results of molecular docking studies, only the NH 
groups of the benzimidazole moieties of complex 2 act as docking sites 
with DNA residues (DC9: 2.04 and 2.98 Å). This is while, the NH groups 
in complex 1 are not involved in any interaction and those of complex 3 
are involved in medium strong intra-complex interaction through their 
thioetheric sulfur atoms (2.44 Å). Moreover, the methyl groups of the 
DMF moiety of 2 and 3 are connected to oxygen atoms of DNA residues 
via weak hydrogen bonds (C–H, 2: DG14: 3.23 Å and 3: DT20: 3.26 Å 
and 3.20 Å and DC21: 3.50 Å). In addition, there are medium to weak pi- 
donor hydrogen bonds between DNA residues and aromatic benzimid
azole rings of complexes 1 (DG12: 3.11 Å) and 2 (DG10: 2.43 and 2.88 
Å). These aromatic benzimidazole rings are also responsible for the 
formation of one weak inter-molecular hydrophobic pi-sigma H-bond of 
3.95 Å with DG16 residue in complex 1, weak intramolecular hydro
phobic ones of 3.76 and 3.92 Å in complex 2 and of 3.91 Å in complex 3. 
The docked structure of complex 3 exhibited also two intra-complex 
hydrophobic pi-pi stacked interactions of 3.86 Å between its aromatic 
benzene and benzimidazole rings.

These data are in sufficient agreement with those of DFT results. All 
synthesized compounds are located at the groove site of DNA via 
hydrogen bonds, pi-sigma and pi-donor interactions.

4. Conclusions

In this research, three novel copper(II) complexes containing dipodal
2-mercaptobenzimidazole derivatives have been introduced. The mo
lecular structure of binuclear complex 2 revealed that each of the
dipodal ligands, L2, acts as bridging agent between two metal centers
using its endocyclic iminic nitrogen atoms. Each copper(II) ion in
complex 2 has distorted square pyramidal geometry.

The antibacterial study revealed that all complexes exhibited higher 
antibacterial efficacy against the two tested bacterial pathogens 
(Escherichia coli ATCC 25922 PTCC 1399 and Staphylococcus aureus 
ATCC 6538 PTCC 1112) compared to their respective ligands. Besides, 
the screening of all Cu(II) complexes and their related ligands against 

Fig. 13. Representation of docking pose of L3 and complex 3 interaction with DNA by using Discovery Studio.
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human colon cancer cell lines (HCT-116) revealed that the cancer cell 
line viability of all synthesized compounds was dose-dependent. Based 
on the obtained results, it was observed that complexes 1–3 showed 
greater effectiveness in promoting cancer growth compared with metal- 
free bis-mercaptobenzimidazole derivatives (L1–L3) and carboplatin. 
This confirms that metal coordination enhances the activity of the 
complexes, leading to increased apoptotic induction. In addition, DNA 
binding studies indicated the interaction between DNA and complexes 
1–3 through a dynamic quenching mechanism and hydrophobic forces. 
In order to support the solid-state structures, the geometric parameters 
and vibrational frequencies have been investigated using DFT at CAM- 
B3LYP/6-31G(d) and calcAll-CAM-B3LYP/6-31G(d) level for L1–L3 
and 1–3, respectively. The good accordance between the results of 
experimental and calculated data confirmed the validity of the opti-
mized geometries. Moreover, the decrease in ΔEgap of copper(II) com-
plexes with respect to ligands L1–L3 pointed out the fact that all 
complexes are chemically more reactive than their corresponding li-
gands. The MEPs of complexes 1–3 revealed that the most negative 
potential sites are located on non-bonded oxygen atoms of their sulfate 
moiety, whereas the most positive potential ones are distributed over the 
hydrogen atoms of NH group of the benzimidazole rings. Furthermore, 
the optimized structures of the synthesized compounds in DMSO were 
used for molecular docking simulations. The experimental as well as 
theoretical results indicated that all complexes interact with DNA in a 
groove binding mode. According to these results, we believe that this 
study will be a step forward not only for coordination chemistry in the 
design and elucidation of copper(II) complexes bearing nitrogen donor 
ligands but also for bioinorganic and biology research in order to 
discover new bioactive agents.
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